Abstract An accurate and efficient assessment of activity is critical for the research and development of electrocatalysts for oxygen reduction reaction (ORR). Currently, the methodology combining the thin-film rotating disk electrode (TF-RDE) and potentiodynamic polarization is the most commonly used to pre-evaluate ORR activity, acquire kinetic data (i.e., kinetic current, Tafel slope, etc.), and gain understanding of the ORR mechanism. However, it is often neglected that appropriate potentiodynamic parameters have to be chosen to obtain reliable results. We first evaluate the potentiodynamic and potentiostatic polarization measurements with TF-RDE to examine the ORR activity of Pt nanoelectrocatalyst. Furthermore, our results demonstrate that besides depending on the nature of electrocatalyst, the apparent ORR kinetics also strongly depends on the associated potentiodynamic parameters, such as scan rate and scan region, which have a great effect on the coverage of adsorbed OH ad /O ad on Pt surface, thereby affecting the ORR activities of both nanosized and bulk Pt. However, the apparent Tafel slopes remained nearly the same, indicating that the ORR mechanism in all the measurements was not affected by different potentiodynamic parameters.
Introduction
The commercialization of proton exchange membrane fuel cells (PEMFCs) has been impeded by the sluggish kinetics of oxygen reduction reaction (ORR) occurring at the fuel cell cathode, as well as the high cost of Pt-containing electrocatalysts [1] [2] [3] [4] . Previous studies combining electrochemical and ultrahigh vacuum (UHV) techniques with theoretical density functional theory (DFT) calculations have identified that the high activation overpotential and the slow kinetics for ORR on Pt surface are caused by strongly adsorbed oxygenated species (i.e., OH ad /O ad ), which block the active sites for O 2 adsorption, splitting of the O-O bond, and reduction to H 2 O [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although the true origin of these oxygenated species has yet to be confirmed, several researchers proposed that they are not derived from ORR, but rather from the oxidation of H 2 O molecules in aqueous electrolyte or hydrated-solid electrolyte interface [4, 11, 14] . Moreover, the intrinsic kinetic reaction rate of ORR is not limited by the rate determining step itself but is limited by potential determining the surface coverage of OH ad /O ad , which is the so-called Pt self-poisoning effect [4, 15] . Therefore, intensive research efforts are devoted to the development of high-activity ORR electrocatalysts with moderately weaker adsorption of OH ad / O ad and lower cost [4, 6, 8, 9, 12, 16] .
To develop improved electrocatalysts for ORR, it is necessary to understand the kinetics and quantitatively determine their electrocatalytic activities. One approach is to prepare a membrane electrode assembly (MEA) and then to determine the ORR activity under practical operating conditions of PEMFCs in single fuel cell setup. However, a large amount of electrocatalyst is needed for MEA preparation, and it is difficult to extract the intrinsic ORR kinetic parameters because several other factors come into play, such as the limitations of fabrication technique of MEA, uncertain operating conditions, and the influence from mass-transfer processes and other components of MEA [17] . Currently, the thin-film rotating disk electrode (TF-RDE) technique has been widely used to measure the ORR activities of nanosized electrocatalysts due to the simple experimental procedures, minor quantity of electrocatalyst needed, and the efficient and direct activity evaluation. In TF-RDE system, other factors can be excluded and the O 2 transport can be well controlled by electrode rotating speed in a three-electrode cell [3, [17] [18] [19] . Based on the diffusion model of smooth surface, the intrinsic ORR kinetic current of an electrocatalyst could be derived directly from the measured oxygen reduction current density at a certain electrode rotating speed (e.g., 1600 rpm) in O 2 -saturated electrolyte according to the well-known Koutecký-Levich (K-L) equation [5, 20] . For comparison reason, the ORR kinetic current is generally normalized to the loading or the electrochemical surface area (ECSA) of Pt to obtain the mass activity (MA) and specific activity (SA). Although the TF-RDE method itself is easy to implement, it is still difficult to perform such a comparison because the measured ORR activities can be affected largely by the factors associated experimental aspects, as evidenced by the contradictory results reported in literatures [21] . Previously, the effects of the preparation procedures of electrocatalyst thin film (i.e., ink formula, electrocatalyst loading, and quality of thin film) and operating conditions (i.e., temperature, electrolyte type, and impurity levels in electrolyte) on the ORR activities of nanosized electrocatalysts have been investigated [18, 19, [21] [22] [23] [24] [25] [26] [27] . However, the effects of electrochemical characterization itself are often neglected. Recently, preliminary studies of the effects of potentiodynamic parameters on the apparent ORR activities have been reported for bulk Pt electrode [28, 29] ; nonetheless, the results still warrant further investigation, especially for nanosized electrocatalyst.
In this work, we carried out systemic investigation of the impacts of potentiodynamic polarization parameters on electrocatalytic ORR kinetics on a commercial carbon-supported Pt catalyst, using TF-RDE method. Electrochemical polarization methods, inevitable errors caused by the TF-RDE system, and the reliability of measured results were discussed in detail. Unexpectedly, the measured results showed strong dependency on the potentiodynamic parameters. However, the apparent Tafel slopes at low current densities remained nearly the same, about −62~65 mV dec . In addition, to exclude the possibility of this experimental phenomenon being caused by thin porous electrocatalyst film, the polarization behavior of bulk Pt for ORR was also studied. The identical experimental phenomena were also found on bulk Pt surface. Furthermore, on the basis of this work, the potentiodynamic parameters for accurate prediction the ORR activity of electrocatalyst in MEA-PEM fuel cells were provided.
Experimental
The commercial carbon-supported Pt (20 wt% Pt/C, E-TEK, lot # E0350128, mean particle size 4 nm) was used. This nanosized electrocatalyst was dispersed in a mixture of ultrapure water (Milli-Q UV-plus, 18.2 MΩ cm at 25°C) and isopropanol (3:1, Nafion free) by sonication to form a dark and uniform suspension. A thin electrocatalyst film was prepared on a polished glassy carbon RDE (5- ). In order to confirm that changes of recorded ORR currents under different potentiodynamic parameters are not as a result of the reduction of the ECSA of Pt/C during the ORR operating process and/or electrolyte contamination, the ORR polarization curves also were recorded in reverse sequence. So, the experimental data was reliable.
To eliminate the contribution of background current (including both the double-layer capacitive current and the capacitive current from adsorption/desorption processes on Pt surface) and analyze the ORR results [19] , the cyclic voltammograms (CVs) also were recorded in Ar-saturated 0.1 M HClO 4 (aq) with the same potentiodynamic parameters of the ORR scan profiles. The ORR curves were IR-corrected using the value of the electrolyte resistance (20~25 Ω at 25°C in 0.1 M HClO 4 (aq) depends on the distance between Luggin capillary and the surface of TF-RDE|Pt/C) determined from the high-frequency part of the electrochemical impedance spectra (measured in the 1-Hz to 100-kHz range) [30, 31] . At last, the measured currents at 0.9 V were masstransfer-corrected by K-L equation in order to obtain ORR kinetic currents and catalytic activity of Pt/C. In this paper, only the MA was used for comparison, because the SA has similar trends. All the potentials were given with respect to a reversible hydrogen electrode (RHE). The instrument used was CHI 604d electrochemical workstation equipped with a Pine rotator.
For comparison, a polycrystalline bulk Pt RDE (5-mm diameter, embedded in a Teflon cylinder, Pine Instruments) was also studied. It was cleaned by polishing with aqueous slurries of successively finer alumina powders (particle size from ca. 0.3 to 0.05 μm) with the help of Buehler ® MicroCloth and further cleaned by scanning the potential between the onset potential of the hydrogen and oxygen evolution reactions in Ar-saturated 0.1 M HClO 4 (aq) for several cycles until a CV of a clean Pt surface was obtained. A series of the ORR polarization curves of bulk Pt were recorded using the same potentiodynamic parameters as used for TF-RDE|Pt/ C except that ten times higher scan rates were employed. The ORR polarization curves of bulk Pt were also processed by background current subtraction and IR drop correction.
Results and Discussion

Potentiostatic Polarization vs. Potentiodynamic Polarization
In the MEA test, the ORR activities of electrocatalysts are usually evaluated using the so-called potentiostatic step method, in which pseudo-steady-state I-V polarization curves are recorded by holding the cell voltage or current (a series of discrete, decreasing, or increasing values) for a period of 5-15 min to obtain stable currents or voltages [3, 32] . The results can accurately reflect the ORR activity of the electrocatalyst in MEAs-PEM fuel cell stacks for practical applications. Moreover, the US Department of Energy (DOE) and its partner, the US DRIVE Fuel Cell technical team, have established a testing protocol/evaluation criterion for ORR measurement in a MEA-PEM fuel cell based on the potentiostatic step method, so it is easy to compare the results from different research groups [33, 34] .
It is interesting to identify if the potentiostatic approach can also be used in the TF-RDE system, so we carried out the experiment to the TF-RDE|Pt/C by continuously stepping the electrode potential from OCP at 1.03 V to a series of lower cathode potential or in reverse sequence under ORR operating conditions in a three-electrode electrolytic cell. However, unlike in the MEA-fuel cells the ORR currents cannot reach a stable value at all stepped potential (not shown), even with a longer time of 30 min. It is a common convention to use the kinetic current at 0.9 V to compare the ORR activities of different electrocatalysts. Figure 1a shows a time-dependent ORR polarization curve (red curve) with only one step from 0.20 to 0.90 V. The ORR current density decreases rapidly even after 30 min when the electrode potential is held at 0.90 V. Correspondingly, the MA of Pt/C at 0.9 V changes from 0.50 to 0.03 A mg
−1
Pt (green curve). Therefore, it is quite difficult for us to judge which value is a good representation of the ORR activity. Moreover, same trend can also be observed whether the potential is stepped from a lower potential or from a higher potential to the holding potential higher than 0.60 V (operating voltage of PEMFC is 0.6~1.0 V). This means that a pseudo-steady-state polarization curve cannot be obtained by potentiostatic step method to determine a reliable catalytic activity in TF-RDE three-electrode cell system. Actually, the ORR currents also decrease at all stepped potentials in MEA-PEM fuel cell test [35] [36] [37] , but it is relatively slow after 5-10 min so that the pseudo-steady-state current can be extracted. This attenuation can be mainly attributed to the selfpoisoning effect, in which electroadsorbed oxygenated species, OH ad /O ad , build up on catalyst surface during ORR process [38] [39] [40] [41] . In addition, the ORR activity will further aggravate due to the continuous accumulation of impurities from electrolyte on electrocatalyst surface, even with the Bpurestp erchloric acid used [42] . So, the pseudo-steady-state cannot be established in TF-RDE system.
Cyclic voltammetry, which controls the electrode potential to change as a linear function of time between two potential points, is a powerful transient-state technique in electrochemical research that provide I-V polarization curve reflecting the electrochemical process on catalyst surface. As shown in exhibited two well-defined redox features that correspond to underpotential deposition of hydrogen (H-UPD, 0.05~0.40 V), and the OH ad /O ad adsorption on Pt surface (0.70~1.03 V). Moreover, the second and tenth cycles of voltammetric curve are coincident totally. It is because the electrode potential changing in cyclic voltammetry is constant with time (i.e., the scan rate, dE/dt = const) and is not stepped suddenly from one potential to the other potential. Moreover, the adsorption/desorption of oxygenated species on the catalyst surface is balanced dynamically and adsorbed trace impurities can be removed continuously during the cyclic scanning process. So, the corresponding dynamic current response with the successive potential scan can be accurately obtained. Furthermore, by comparing the second and tenth CVs (in Fig. 1c ) measured at the rotating speed of 1600 rpm in O 2 -saturated 0.1 M HClO 4 (aq) with same potentiodynamic parameters, we find that a reliable polarization curve for ORR can be obtained. Our results demonstrated that ORR activities of electrocatalysts in TF-RDE system should be evaluated using the potentiodynamic polarization method, instead of the potentiostatic method. In order to determine the true ORR activity of nanosized electrocatalyst, two errors from superimposed background current (capacitive current due to adsorption and double-layer charging processes at the electrode surface) and potential drop (IR drop induced by electrolyte resistance) need to be eliminated before calculating the ORR kinetic current [30] . As illustrated in Fig. 1d , the blue curve is the pure ORR current response obtained by subtracting the CV profile (pink curve) measured in Arsaturated 0.1 M HClO 4 (aq) from the ORR profile (green curve) measured in O 2 -saturated 0.1 M HClO 4 (aq). This procedure involves the so-called a priori separation of faradaic and capacitive currents [43] , which cannot be done generally. Nisancioglu and Newman concluded that the effect is not significant for well-supported electrolytes [44] . And then, the electrode potential is corrected by adding the IR drop to the original potential value. The red curve in Fig. 1d is the final I-V polarization curve for ORR.
Through comparison of the ORR curves before and after corrections, we find that those two errors could pose a considerable impact on ORR activity determination. Furthermore, a large current hysteresis loop was observed at E > ca. 0.7 V between the positive-going and negative-going scans in the ORR kinetic region. It can be attributed to the irreversible adsorption/desorption of oxygenated species that leads to a large difference in OH ad /O ad coverage under the same potential in the positive and negative scan directions [45] . Moreover, as indicated in Figs. 5a and 6e, the ORR current response in the negative-going scan is dependent on the high potential limit. So, the ORR activity of electrocatalyst is commonly extracted from the polarization curve in positive scan direction to avoid the influence from pre-adsorbed OH ad /O ad on catalyst surface in high potential region [5, 46] . Based on the above analysis, measurement of a reliable I-V polarization curve for ORR in the TF-RDE system have to adopt potentiodynamic polarization method of cyclic voltammetry, until a stable and reproducible ORR-scan profile is obtained. Then, the positive-going segment of the cyclic curve, with background current and IR drop corrected, is used as the ORR polarization curve in the further study.
ORR polarization curves on TF-RDE|Pt/C and smooth bulk Pt measured at the same polarization conditions are displayed in Fig. 2a , and no significant difference is observed Elec , indicating a moderate loading of Pt/C on glassy carbon electrode and the high quality of electrocatalyst thin film. The catalyst needs to be homogeneously dispersed and cover the whole surface of glassy carbon substrate. Moreover, this film is thin enough so that the resistance of oxygen diffusion inside is negligible [17, 21] .
The ORR polarization curve obtained from Pt/C electrocatalyst shifts positively at E > ca. 0.7 V compared to that from bulk Pt, which can be attributed to the larger ECSA in nanosized Pt/C for ORR. Further, the Tafel plots displayed in Fig. 2b were obtained using the mass-transfer-corrected kinetic current densities in the potential range of 0.85 V < E < 0.95 V. The apparent Tafel slope of TF-RDE|Pt/ C is nearly the same as that of the bulk Pt, indicating that the effect of oxygen diffusion from bulk electrolyte to the electrode surface can be completely corrected by the K-L equation. Further discussion is given in the next section. In addition, the SA of bulk Pt is up to 1.92 mA cm −2 ECSA , which is calculated by the kinetic current at 0.9 V in Fig. 2b normalized to its ECSA. This value is in agreement with the literature [46] and can be considered a measure of acceptable cell cleanliness because bulk Pt has a very low roughness factor (S ECSA /S Elec , 1.8 based on 210 μC H-UPD cm
−2
Pt in this study) and is highly sensitive to trace impurities in three-electrode electrolytic cell system (glassware and electrolyte). Therefore, the experimental results in this work are reliable.
The Effects of Potentiodynamic Parameters on the Measurement of ORR Activity of Nanosized Catalyst
Although the ORR activity of electrocatalysts is now widely evaluated using cyclic voltammetry in the TF-RDE three-electrode system, a large discrepancy exists in the reported results. One example is the reported mass activities of the same commercial electrocatalyst (E-TEK Pt/C, 20 wt%) can vary by an order of magnitude [21, 23, 25] . As we briefly discussed in the BIntroduction,^in addition to factors like electrode preparation, operating conditions, and two sources of error mentioned above, one main reason for the difference in reported ORR activities is the inconsistent potentiodynamic parameters used by TF-RDE method in the determination ORR activities of electrocatalysts. In the following sections, we will focus on discussing the effects of potentiodynamic parameters, i.e., the scan rate and scan region in cyclic voltammetry, on the ORR kinetics and activities.
The Effects of Scan Rate in Potentiodynamic Polarization (Cyclic Voltammetry)
For a better trade-off between the effect of trace impurities, such as chloride anions, even if the Bpurest^perchloric acid is used, and the effect of capacitive current on nanosized electrocatalyst [18, 29, 30, 42] , most studies are carried out with the scan rate between 5 and 50 mV s −1 to determine the ORR activities of electrocatalysts. We conducted ORR polarization experiments of TF-RDE|Pt/C with scan rates of 5, 10, 20, and 50 mV s −1
. As shown in Fig. 3a , the biggest difference between these four ORR curves lies in the kinetic region (i.e., ca. 0.7 V < E < ca. 1.0 V), where obvious positive potential shifts with an increase of scan rate are observed. A similar trend is also observed in the negative-going polarization curves (not shown). The Tafel plots derived from the corresponding ORR curves are given in Fig. 3b . Only the apparent Tafel slopes at low current densities in the potential region of 0.85 V < E < 0.95 V were compared in our work because the current densities at E < 0.85 V are very close to the diffusion limited current densities, so that the kinetic current densities calculated from the K-L equation are unauthentic and the Tafel slopes cannot be trusted [18] . The apparent Tafel slopes obtained by linear fitting do not change with increase of scan rate. All slopes are around −63 mV dec −1 , which is roughly equivalent to the −2.3RT/F (−59 mV dec ) and is in agreement with the value obtained in the MEA-PEM fuel cells [3] , suggesting that the reaction mechanism remains unchanged because the Tafel slope is related to the interaction of the adsorbed oxygenated species with Pt surface [5] is different from the report of S. V. Mentus et al. [28] , and the difference could be caused by the uncorrected IR drop or electrolyte impurities in their work. In Fig. 3c , the calculated MAs for ORR at 0.9 V demonstrate an activity increase from 0.33 to 0.66 A mg . The same trends are also reported in recent published papers [46, 47] .
Since the ORR kinetics is suppressed by the electroadsorbed species (i.e., OH ad /O ad ) derived from oxidation of H 2 O instead of from ORR, it is necessary to investigate the effects of scan rate on the adsorption behavior of OH ad /O ad in Ar-saturated 0.1 M HClO 4 (aq). As shown in Fig. 3d , the differential capacity responses of the adsorption of OH ad /O ad at E > ca. 0.6 V, obtained by normalizing the currents to respective scan rates, are higher with the decrease of scan rate. Higher capacity for OH ad /O ad adsorption means a higher coverage of OH ad /O ad on the Pt surface is associated with a slower scan rate. The coverages of OH ad (Q OH /Q H-UPD , here only the OH ad is considered for convenience) as a function of electrode potentials at different scan rates are inserted in Fig. 3d . The coverage of OH ad at 0.9 V changed from 0.50 to 0.64 when decreasing the scan rate from 50 to 5 mV s −1 . A slower scan rate means the electrocatalyst can stay at the potential region of oxidation of H 2 O for longer time during the positive-going scan, because the adsorption/desorption process of oxygenated species on Pt surface are dependent on both electrode potential and polarization time. Thus, the ORR activities of electrocatalysts are dependent on the scan rates. Based on the result, we found that the better ORR activity can be measured when the higher scan rate is used. But, we must mention that for E-TEK Pt/C, ORR activities measured at 0.9 V are 0.66 A mg Potential / V vs. RHE are not accessible to electrons or protons), and to the different surface coverage of OH ad caused by different polarization method, as mentioned in BPotentiostatic Polarization vs. Potentiodynamic Polarization.^Unlike in MEA-fuel cell, the adsorption process of oxygenated species in potentiodynamic polarization process cannot reach quasi-equilibrium under all scan rates, so that the value of ORR activity from the RDE measurement is several times higher than that measured in the MEA-fuel cell. But, the trends in activity of electrocatalysts in these two systems have been proved to be same and the absolute ORR activities of new electrocatalysts measured under a same scan rate that is used to measure the commercially available Pt/C still are viable to pre-evaluate/predict their electrocatalytic activity in PEMFCs [3, 22, 48] . Based on the factors including the effects of contamination for electrocatalysts, a longer time is needed to obtain a stable ORR and CV curves at low scan rates and the big discrepancy of ORR activities obtained at high scan rates, we prefer to perform the ORR measurements at a fixed scan rate of 10 mV s −1 to investigate the effects of other potentiodynamic parameters on ORR activities in following study.
The Effects of Scan Region in Potentiodynamic Polarization (Cyclic Voltammetry)
Compared with the scan rates, the scan region is more easily neglected when using the potentiodynamic polarization to evaluate the ORR activities of electrocatalysts. Therefore, we further investigated its effect. Firstly, we fixed the high potential limit at the OCP, 1.03 V, to investigate the effects of low potential limit on the ORR kinetics of Pt/C. measured with eight different low potential limits from 0 to 0.60 V, in sequence. It can be seen that there was an obvious negative potential shift, and the diffusion limited current densities also slightly decreased when the low potential limits were higher than 0.05 V. Moreover, the ORR polarization curves themselves are not stable and slowly shifted to negative direction with the increase of cyclic numbers (not shown). The corresponding MAs at 0.9 V are illustrated in Fig. 4c , the MAs with low potential limits at 0 and 0.05 V have almost same value, 0.38 A mg
−1
Pt ; however, the values follow in a descending order with low potential limits from 0.10 to 0.60 V. The maximum MA loss is 72 %.
Although the ORR overpotentials increased with the increase of low potential limits, the apparent Tafel slopes (Fig. 4b) at 0.85 V < E < 0.95 V are still consistent at around −65 mV dec −1 , due to the fact that ORR mechanism is unaffected. Maybe, the differences in ORR activity can still be attributed to the effects of coverage of electroadsorbed species, OH ad /O ad on the Pt surface. We speculated that not all OH ad /O ad are desorbed from the Pt surface during the negative-going scan when the low potential limits are higher than 0.05 V. The set of CV curves measured at same scan profiles with ORR measurements are shown in Fig. 4d . The peaks of oxygenated species adsorption at ca. 0.7 V < E < ca. 0.9 V (highlighted by dashed circle in Fig. 4d ) are suppressed obviously when low potential limit is higher than 0.05 V. Furthermore, the coverages of non-desorbed oxygenated species, OH ad /O ad , on Pt surface as a function of low potential limit are displayed in the inset of Fig. 4d . We can find that the coverages of the nondesorbed oxygenated species increased to 0.29 at a low potential limit of 0.60 V; moreover, this value might be higher under ORR conditions. Due to the fact that the nondesorbed oxygenated species will further block the O 2 adsorption and reduction during positive-going scan, so the ORR activities decreased significantly with the increasing of low potential limits and cyclic time. These results can be explained reasonably well based on our conjecture.
1. In the following experiments, the low potential limit is fixed at 0.05 V to investigate the effects of five different high potential limits from the ORR equilibrium potential of ca. 1.2 V to the usual activity evaluation potential of 0.9 V. The corresponding ORR polarization curves and CVs are shown in Fig. 5 . Unsurprisingly, these five ORR curves overlap in positive scan direction in Fig. 5a . This means all electroadsorbed oxygenated species are desorbed during the negative scanning with the low potential limit of 0.05 V, and the ORR polarization in positive-going scan is unaffected. It is worth pointing out that in our current ORR measurement, the effects of the oxidation of carbon support on the ORR activity were not observed, although previous studies demonstrated that the carbon black, i.e., XC-72R, can be oxidized in acid solution, especially when the electrode potential is higher than 1.0 V [49] . It can be reasonably explained by the fact that the corrosion of carbon support should be very slow, at least inconspicuous under our experimental conditions. It took less than 1 h to study the effects of high potential limits. Carbon corrosion is generally caused by start-up and shut-down processes (electrode potential is higher than 1.2 V) [50] [51] [52] . Figure 5b shows that the CV curves overlapped in positive-going scan, although larger reduction peaks of oxidation region with higher high potential limits were observed. However, the ORR polarization curves in negative-going scan are strongly dependent on the high potential limits. The corresponding MAs at 0.9 V (inset in Fig. 5a ) decrease in sequence. potential limits lead to the lower ORR activities due to higher coverage of electroadsorbed oxygenated species on catalyst surface. As we stated in BPotentiostatic Polarization vs. Potentiodynamic Polarization^, the ORR polarization curve in positive scan direction from a very low potential to OCP is recommended to screen electrocatalysts in order to guarantee the reliability of the results. Potential / V vs. RHE The Effects of Potentiodynamic Parameters on ORR Kinetics of Bulk Pt Based on the above results, the ORR polarization behavior of the nanosized electrocatalysts strongly depends on the associated potentiodynamic parameters when using the TF-RDE technique to pre-evaluate their catalytic activities. Although the electrocatalyst film on glassy carbon electrode is very thin (i.e., <1 μm) so that the oxygen diffusion resistance can be negligible [17] , it still is a porous coated film and owns a longitudinal gradient from glassy carbon substrate to the surface of thin film at microlevel. These properties might cause the inhomogeneous imposed potential and electrochemical responses hysteretic inside of this thin film and lead to ORR activities appearing strongly dependent on potentiodynamic parameters. In order to study this possibility, we further investigate the ORR of smooth bulk Pt. Moreover, to avoid the interference of contaminations in electrolyte as much as possible, we performed measurements using scan rates ten times higher than that used for TF-RDE|Pt/C. As shown in Fig. 6 , identical experimental phenomenon with TF-RDE was observed for bulk Pt. The potentials of ORR polarization curves of bulk Pt shift positively; however, the corresponding capacities for OH ad adsorption/ desorption change in reverse trends with the increase of scan rate from 50 to 500 mV s −1 , as shown in Fig. 6a , b.
Figure 6c, d depicts the effects of low potential limits on the ORR polarization and voltammetric behaviors for bulk Pt, respectively. We can observe more clearly from the local enlarged curves inserted in respective figures, the trends are almost identical with the case of TF-RDE|Pt/ C. The last but not the least, the measurements with different high potential limits are performed. The ORR polarization curves and CVs in Fig. 6e , f show the expected change. The ORR polarization of the smooth bulk Pt also exhibits identical electrochemical behaviors, which indicates that the dependency of measured ORR kinetics on potentiodynamic parameters is not relevant to the oxygen diffusion and/or the electrode structure. This was further evidenced, proving that it is reliable using TF-RDE method technique to pre-evaluate the ORR activities of nanosized electrocatalysts.
Further Analyses of the Desorption of Oxygenated Species on Pt Surface
It is generally accepted that the electroadsorbed oxygenated species on Pt surface are reduced completely at ca. 0.4 V, which is the onset potential of H-UPD; however, our above results indicate that the electroadsorbed OH ad /O ad species on the Pt surface cannot be desorbed completely even inside H-UPD region. One evidence is the coverage of the nondesorbed oxygenated species on surface of nanosized Pt is~3 % when the potential is scanned negatively from 1.03 to 0.20 V (refer to Fig. 4d ). In addition, we integrated the coulombic charge associated with the electroadsorbed oxygenated species on bulk Pt surface during both the positive and negative scan directions to the serial potentials, and the results are displayed in Fig. 7a . Following the positive scanning, when the electrode is scanned negatively to the potential with a minimum current density (absolute value), 0.45 V, the residual charge ratio of electroadsorbed oxygenated species is 3.4 %. Furthermore, we also found that during the CV scan between 0.10 and 1.03 V, the CV profile in subsequent positive scanning is back to that of clean surface, after the electrode potential being held at 0.10 V for 30 s (Fig. 7b) . These phenomena reflect that the desorption of oxygenated species on Pt surface is seriously irreversible, perhaps because the subsurface O ad cannot be removed totally without reaching a very low potential or holding enough long time at low potential [38] . Our experimental result shows the low potential limit must be down to 0~0.05 V to remove all electroadsorbed oxygenated species on both nanosized Pt surface and bulk Pt surface.
At present, we only can rely on indirect means, like used above, to explain this phenomenon. Advanced physical characterization methods combined with in-situ electrochemistry need to be developed to further investigate the adsorption/ 
Conclusions
Electrochemical polarization methods and related factors for ORR measurement in TF-RDE system were studied thoroughly in this work. We demonstrated that potentiostatic step method is unsuitable to be used in TF-RDE system to evaluate the ORR activities of nanosized electrocatalysts. On the other hand, a stable and reproducible potentiodynamic-polarization curve can be measured by cyclic voltammetry, but the thinfilm quality, impurity levels, and inevitable errors must be carefully controlled to achieve accurate results. Further investigation revealed that the ORR activities of both nanosized and bulk Pt exhibited strong dependency on scan parameters due to the varying coverage of electroadsorbed oxygenated species but without impacting the overall ORR mechanism. We believe that this result is applicable to other metal-based electrocatalysts as well.
TF-RDE methodology has been commonly used to evaluate the ORR activities of electrocatalysts. Based on our research, we found that it is not feasible to perform a comparison of ORR activities measured with different potentiodynamic parameters; therefore, it is necessary to establish a unified potentiodynamic polarization protocol for accurate preevaluation and easy comparison of new ORR electrocatalysts in TF-RDE system. The following parameters are suggested as a reference: scan rate 10 mV s ; scan region 0~0.05 V to OCP (1.00~1.05 V).
